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ABSTRACT: The climate change scenarios of the Intergovernmental Panel on Climate Change (IPCC) 
predict a sig nificant increase in tem peratures over the next decades. Architecture and building 
occupants have to resp ond to this ch ange, but little i nformation is c urrently available in ho w far the 
predicted changes are likely to affect co mfort and energy performance in buildings. This study 
therefore investigates the climate change sensitivity of the following parameters: adaptive thermal 
comfort according to As hrae Standard 55 and EN 15251, energy consumption, heating and cooling 
loads, and length of heating and cooling periods. 
The study is based on parametric simulations of typical office room configurations in the context of 
Athens, Greece. They refer to different bu ilding design priorities and account for differ ent occupant 
behaviour by using an ideal and worst case scenario. To evaluate the impact of the climate change, 
simulations are compared based on a common standard weather data set for Athens, and a generated 
climate change data set for the IPCC A2 scenario. 
The results show a significant impact of the climate cha nge on all investigated parameters. They also 
indicate that in this context the optimisation of comfort and energy performance is likely to be related to 
finding the be st possible balance between building (design) and occupant behaviour and othe r 
contextual influences, rather than a straightforward optimisation of separated single parameters. 
Conference theme: Sustainability Issues 
Keywords: Climate change scenarios, thermal comfort, energy performance, occupants 
 
INTRODUCTION 
Climate change scenarios provided by the Intergovernmental Panel on Climate Change predict an increase in 
temperatures up to 2,6K until 2050 and up to 5,8K up to 2100. This change is likely to affect a variety of comfort and 
energy performance related parameters. The impact might be stronger in an office compared to a residential context, 
because solar heat gains occur at the same time with high internal heat loads at a high occupant density. However 
little is kn own how comfort a nd energy performance evaluation parameters, such as thermal comfort,  cooling and 
heating loads / periods or energy consumption will be affected by a changing climate. What opportunities are there 
for architecture and occupants respond to this change? 
In order to derive some first indications, a parametric study using the building simulation software Energyplus (U.S. 
Department of Energy, 2007) has been conducted for this study. It is based on three different prototypes for a typical 
office room in the conte xt of Athens, Gr eece. These prototypes refer to different bu ilding design priorities related to 
the Greek real estate market , and they account for d ifferent occupant behaviour by comparing an ideal and worst 
case scenario. The resulting combinations of building design and occupant behaviour have been simulated with two 
different weather data sets: The commonly used IWEC weather data set for Athens, bas ed on weather observations 
from the past. And an accordingly generated weather data set for the same location, based on the Intergovernmental 
Panel on Clim ate Change (IPCC) scenario A2, which is a medium to pessimistic scenar io in ter ms of global  
temperature development.  
 
1. CLIMATE CHANGE AND WEATHER DATA 
1.1 IPCC climate change scenarios 
In order to explore future developments in the g lobal environment with focus on the production of greenhouse gas 
emissions, the Intergovernmental Panel on Climate Change (IPCC) published a set of emission scenarios for use in 
climate change studies (Nakicenovic, Alcamo, Davis, et al. 2000). Each scenario projects a potential future, based on 
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a quantified storyline, and each storyline is a narrative description of a scenario, highlighting the main characteristics, 
dynamics, and relationships between the key driving forces. The storylines represent different demographic, social, 
economic, technological and environmental developments (Intergovernmental Panel on Climate Change 2007). The 
scenarios and related storylines are described in table 1, and the resulting global temperature difference for each 
scenario is presented in figure 1. 
  
IPCC Special Report on Emissions Scenarios (SRES) 
Label Storyline 
A1  
Rapid economic 
growth 
-global population that peaks in mid-century and declines thereafter 
-rapid introduction of new and more efficient technologies 
-economic and cultural convergence and capacity building 
-substantial reduction in regional differences in per capita income 
-people pursue personal wealth rather than environmental quality 
A2  
Heterogenous 
world 
-continuously increasing global population 
-regionally oriented economic growth that is more fragmented a nd slower than i n other 
storylines. 
-strengthening regional and cultural identities, with an emphasis on family values and local 
tradition 
-less concern for rapid economic development. 
B1 
Convergent world 
same global population as in the A1 storyline 
rapid changes in economic structures toward a service and information economy 
rapid reductions in mater ials intensity and the introduction of cle an and resourceefficient 
technologies. 
global solutions to achieving environmental and social sustainability 
B2 
Focus on 
sustainability 
emphasis is on local solutions to economic, social, and environmental sustainability 
continuously increasing population (lower than A2) 
intermediate economic development 
less rapid and more diverse technological change 
strong emphasis on community initiative and social innovation to find local, rather than global 
solutions 
Table 1: IPCC climate change scenarios and storylines 
 
 
 
Figure 1: Global temperature difference for climate change scenarios 
 
 
1.2. Climate change scenarios for building simulation 
Weather data for different locations of the world are available from a variety of sources (Hensen and Lamberts 2011). 
In order to be used with the simulation software EnergyPlus, the input file has to be in the epw format, and one of the 
most common sources are International Weather for Energy Calculations (IWEC) data, which are available free of 
charge from the EnergyPlus website (U.S. Department of Energy, standard weather data). These data are derived 
from up to 1 8 years of arc hived hourly weather observations by the US Natio nal Climatic Data Center, and 
supplemented by modelled solar radiation (Hensen and Lamberts 2011). As such IW EC weather files are based on 
data from the past, for Athens related to the period from 1982 to 1999. During the last decade however, a sudden 
increase in the frequency of occurrence of particularly hot days, as well as the duration of heat waves was observed 
(Founda et al, 2004). This indicates that in the context of the climate change currently available weather data are 
likely to underestimate overheating (Pueltz and Hoffmann 2007). And the  comparison with weather data reflecting 
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climate change scenarios could be interesting in order to derive conclusions concerning adaptation and mitigation 
potentials. 
For the climate of Athens, no weather data sets including climate change scenarios were available for this study, and 
the Climate Change World Weather File Generator (Jentsch, Bahaj, James 2010) has been used to generate data 
accordingly. Based on a mo rphing methodology this software transforms a present- day epw weather file int o a 
climate change weather file ready for us e in b uilding simulation. The morphing is based on th e IPCC T hird 
Assessment Report model summary data of the Hadley Centre Coupled Model Version3 (HadCM3), which is one of 
four major general circulation models used by the IPCC (Intergovernmental Panel on Climate Change 2001). The 
Climate Change World Weather File Generator is limited to the A2 scenario, therefore this study is based on this 
scenario only. 
2. SIMULATION MODEL 
The simulation model is based on three different building design variations, each combined with a worst and ideal 
case occupant scenario. Each of the resulting variations is simulated with present-day IWEC weather file for Athens 
and compared with an accordingly generated climate change weather file (scenario A2) for the year 2080. The 
following section briefly describes the simulation model, further details are provided in (Roetzel et al 2011). 
 
2.1 Building design  
The model is based on a typical cellular office room which can be occupied by two persons. It has a depth of 5,4m, a 
facade width of 3,5m and a r oom height of 2,7m, the faca de is facing south. It is ventil ated by a top hung window 
(1,50m x 1,26m) which is manually controlled by occupants with window opening states closed, half open and open, 
the maximum opening angle is 20°. The room properties follow three different building design priorities on the Greek 
real estate market, and the different window sizes also indicate the impact of daylighting / arti ficial lighting 
consumption. And overview is given in table 2. 
The “prestige” variation reflects current architectural fashion for commercial buildings, with a fully glazed facade (low-
e glazing) and internal shading. Light internal walls provide reversibility of the floor plan, a false floor construction  
flexibility regarding furnishing, and a suspended ceiling acoustic comfort. An advanced lighting system supports the 
representativeness of the interior and contributes to the luxury level of the office.  
The “low cost” variation is focused on lo west initial costs in order to maximise profit on the real estate market. It is  
based on a solid facade with a sta ndard window and glazing, a standard lighting system, and screed floor 
construction. Light internal walls provide both, low initial costs and reversibility of the floor plan, and a suspended 
acoustic ceiling provides acoustic comfort. 
The “green” v ariation is o ptimised for ther mal comfort a nd energy performance. It is equipped with an overhang, 
external shading system and low-e glazing. An advanced lighting system is used to minimise energy consumption. A 
solid facade, solid internal walls, a screed floor and an uncovered ceiling provide maximum mass t o increase the 
thermal robustness of the building.  
 
2.2. Occupants 
Occupants have significant impact on comfort and energy performance in offic es (Hensen and Lamberts 2011, 
Roetzel et al 2010). However occupant behaviour is very individual and context-dependent, and thus difficult to define 
as input for building simulation in quantitative terms for an abstract parametric study. Occupancy can differ 
significantly depending on the task, and the position in the company. This also relates to the intensity of use and the 
choice of offic e equipment and related internal heat gains (EU Energy Star database). Lighting control is stro ngly 
related to the use of shad ing devices, the l ocation of c ontrols and the workplace within the room, the number o f 
people sharing as well as the task (Bordass et al 1993, Bourgeois 2005). Blind control is driven by parameters such 
as glare protection, heat protection, need for privacy or daylight, quality of view and therefore it is related to the urban 
environment, the location, the floor level, reflectivity of opposite facades, as well as the shading system itself and the 
accessibility of controls (Inkarojrit 2005, Foster and Oreszczyn 2001). And occupant controlled natural ventilation is 
influenced by a variety of parameters, such as the local climate, window type size and placement, and the likelihood 
of draft, noise etc. Due to this diversit y of contextual influences on occupant behaviour, the definition of a specific or 
typical occupant behaviour only seems appropriate in relation to a specific building, where the contextual parameters 
can be res earched at a h igh level of det ail. For this parametric study where occupants and the specific bu ilt 
environment is unknown, a different approach has been chosen. This approach compares an ideal and a worst case 
scenario of occupant behaviour, in order to point out the range of influence occupants can have on comfort a nd 
energy performance in offices, rather tha n the i nvestigation of a t ypical configuration. The ideal and worst case 
scenario is described in t able 3. For both scenarios occupancy is based on 8h full time work, the use of office 
equipment is r elated to dat a and profiles from the EU-e nergy-star website (EU Energy Star database). Lighting 
control is based on a s et point of 500lux on the work plane according to EN 12464 (DIN EN 12 464-1 2003). Blind 
control is b ased on a manually operated venetian blind for glare pr otection (discomfort glare i ndex >22) and/or 
overheating (room air temperature >26°C and at the sam e time solar ra diation on the facade >=200W/m² (Sutter et 
al. 2006), with different slat angles for glare protection or privacy. 
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Table 2: Configurations for the cellular office room according to different design priorities 
 
Table 3: Ideal and worst case scenario for occupant behaviour in offices 
Natural ventilation is mod elled using the Energ yPlus Airflow Network model in comb ination with the EnergyPlus 
Energy Management System. In order to account for the ventil ation effectiveness of the assumed top hung window, 
modifications to the  window model have been made (Coley 2008). In order to account for the impact of sha ding 
devices on the effectiveness of natural ventilation, correction factors have been applied to the discharge coefficients 
(Tsangrassoulis 1997).  
 
Building configurations
Configuration 1, “Prestige” 2, “Low initial costs” 3, “Green” 
Architectural design 
priorities 
- Representativeness 
- Reversibility of floor plan 
- Flexible furnishing 
- Minimum initial costs 
for construction 
- Reversibility of the floor 
plan 
- Maximum comfort 
- Low energy 
consumption/ running 
costs 
Facade construction Curtain wall Solid wall Solid wall 
Internal walls Gypsum walls  Gypsum walls  Brick walls  
Ceiling Suspended acoustic ceiling Suspended acoustic ceiling Uncovered concrete slab 
Floor construction False floor Solid floor (screed) Solid floor (screed) 
Window area 100% 20% 70% 
Glazing  Low-e  Standard  Low-e  
Shading Internal venetian blind Interior venetian blind Exterior venetian blind  
Overhang No No 1m 
Lighting system  Pendant luminaires with 
advanced light redirection, 
13,1 W/m² 
Surface mounted standard 
luminaires, 21,3W/m² 
Pendant luminaires with 
advanced light 
redirection, 13,1 W/m² 
Heating system Typical gas heating system, coefficient of performance COP = 0,85, heating set point 19 
degrees 
Cooling system Typical electric room air conditioner with a COP = 3,06, cooling set point 27 degrees 
Worst case and ideal scenarios for occupant behaviour in offices
Influenced on  Parameter  Worst case scenario Ideal scenario 
Company level Office 
equipment 
- Desktop computers (352W) 
- No possibility to disconnect office 
equipment from power supply 
outside office hours (40W) 
- Notebooks (82W) 
- Possibility to disconnect 
office equipment from 
power supply outside 
office hours (0W) 
Ventilation - No night ventilation  - Night ventilation  
Individuals Use of blinds - Blinds closed all day  
(passive user) 
- Slat angle 10° (no view) 
- Blinds opened + closed 
according to glare or heat 
protection (active user) 
- Slat angle 45° (limited 
view) 
Use of lights - Light on during working hours 
(passive user) 
- Light on/off according to 
daylight (active user) 
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3. RESULTS 
3.1. Thermal comfort according to ASHRAE Standard 55 and EN 15251 – natural ventilation 
  
Figure 2: adaptive thermal comfort, Ashrae Standard 55,    Figure 3: adaptive thermal comfort, EN 15251, exceeding  
exceeding hours upper limits                  hours upper limits 
 
  
Figure 4: adaptive thermal comfort, Ashrae Standard 55,    Figure 5: adaptive thermal comfort, EN 15251, exceeding  
exceeding hours lower limits                  hours lower limits 
 
In order to evaluate the impact of the climate change on thermal comfort, the first simulations have been run without 
additional cooling, for the adaptive thermal comfort models to be applicable. Figures 2-5 illustrate the percentages of 
exceeding hours for ASHRA E Standard 55 and E N 15251 (c ategory I and III only ). EN 15251 c ategory III is the 
mandatory thermal comfort category for public buildings according to Greek legislation.  
It can be obse rved that the d istribution of exceeding hours follows similar patterns for both therma l comfort models 
and all categories. However a significant difference between both m odels occurs for the lo wer comfort limits. F or 
ASHRAE Standard 55 lower limits are rarely exceeded by more than 5%, whereas for EN 15251 lower comfort limits 
are exceeded up to 40% for comfort c ategory I. T his is especially the case for the green and the prestige 
configuration, indicating that exceeding the comfort criteria is not necessarily related to overheating only.  
Concerning the comparison between the IWEC and the 2080 climate change data, thermal comfort evaluation for 
both models is relatively consistent for each variation. For the green building in combination with the ideal occupant 
scenario, exceeding hours for both models and different categories increase by approx 20% for 2080. For the green 
building with the worst occupant scenario the increase is approximately 10%. For the low cost building design with 
ideal occupant scenario the increase for 2080 is about 7%, in combination with the worst case occupant scenario a 
2% decrease can be observed in 2080. For the prestige building with ideal occupant scenario the 2080 weather data 
lead to an increase of 8% exceeding hours, in combination with the worst case scenarios the increase is about 4%. 
The only exception in this context is the low cost variation in combination with the ideal occupant scenario, where EN 
15251 category III leads to a higher increase of 17%. For both adaptive thermal comfort models in each category the 
increase of exceeding hours from the IWEC data to 2080 ranges from about 2-2 0%. In comparison to the allo wed 
exceeding criteria (5% in EN 15251 and 0% in ASHRAE Standard 55), this indicates that in a future warmer climate 
of 2080, it will become even more difficult to meet the adaptive thermal comfort requirements. 
As can be expected, the co nfigurations based on the id eal occupant scenario have lower exceeding percentages 
compared to configurations with the worst case scenario. It can be concluded that the impact of occupant behaviour 
is dominant over the impact of the climate chan ge in te rms of adaptive  thermal comfor t until 20 80. However, the 
magnitude of influence of building design is slightly predominant to the impac t of occupants, with lowest exceeding 
hours for the green, followed by the prestige and the low cost building design.  
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3.2. Energy performance and greenhouse gas emissions – mixed mode 
In order to ev aluate the impact of the c limate change on the e nergy performance and resulting greenhouse gas 
emissions, the second run of simulations has been performed based on mixed mode offices, with a cooling system 
operating throughout a limited part of the year. The cooling system is assumed to be operated at a fi xed cooling set 
point of 27degrees Celsius, which equals category III according to EN 15251 for the static thermal comfort model.  
The evaluated parameters are final energy consumption, CO2 emissions, peak heating and cooling loads and 
working time with heating and/or cooling on, and the results are shown in figures 6-9.  
      
Figure 6: Final energy consumption      Figure 7: CO2 emissions 
 
 
Figure 8: Peak heating and cooling loads      Figure 9: Working time with heating or cooling on 
 
Concerning the final energy consumption, the clim ate change weather data only affect the h eating and cooling 
energy. For all variations of building design and occupant behaviour heating energy consumption decreases by 1 to 
10% in 2080 and cooling energy consumption increases by 6 to 12% respectively. Energy consumption for l ighting 
and equipment are unaffected. Overall the final e nergy consumption increases for 2080 by up to 4% for the prestige 
building, for up to 6% for the gree n building and for up to 10% for the low cost configuration. However the difference 
between building designs is small compared to the influence of occupant scenarios. Final energy consumption based 
on the worst case occupant scenario is 2-3 times higher compared to the variations based on the ideal scenario. The 
resulting distribution of CO2 emissions is very similar to the final energy consumption because lighting, equipment 
and cooling are powered by the same energy source (electricity), and the gas driven heating is not significant in 
terms of magnitude.  
Concerning the resulting peak cooling loads a predominant influence of the climate change can be observed. For the 
green building peak cooling loads increase by factor 1,5 to 2,  for the lo w cost variation by factor 1 to 2 an d for the 
prestige variation by factor 1 to 1,5 for 2080. In contrast to this, peak cooling loads only increase by 6% for the green, 
20% for the low cost and 28% for the prestige building design when using the worst case i nstead of the ideal 
occupant scenario. Peak heating loads for 2080 are likely to decrease significantly, up to almost 100%, however it 
has to be considered that the initial value was already rather small. Occupant scenar ios also have significant impact 
on peak heating loads, with the worst case decreasing heating loads by 97% for the gr een or 60% for the prestige 
variation. Overall, the impact of climate change on peak cooling loads is much more s ignificant than the impact of 
occupant scenarios. Concerning peak heating loads, the impact of clima te change and occupant scenarios are o f 
similar magnitude. 
Another investigated parameter is the percentage of working time when the building is free-running, i.e. when heating 
and cooling are not in use. Except for the green building with ideal occupant scenario and IWEC weather data (22%), 
and the prestige building with ideal occupant scenario and IWEC weather data (9%), for all other variations the 
percentage of working time with heating on is be low 5%. Thus heating percentages are not very significant in the  
Greek climate. Regarding the need for coo ling, lowest percentages with cooling on can be observed for the gr een 
building design with the id eal occupant scenario and IWEC weather data (21%). F or all other variations the 
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percentages of working time with cooling on range between 30 and 45 %. This is significant, but still implies that more 
than 50% of the working time would be suitable for the use of natural ventilation. The percentage of working time 
without heating or cooling is slightly reduced in 2080, but the variability caused by the climate change and occupant 
scenarios is not predominant. 
4. CONCLUSIONS 
This parametric study investigates in how far different comfort and energy performance criteria are sensitive towards 
the climate change. Based on building simulation of a typical office r oom in the context and climate of At hens, 
Greece, the results have been compared for the standard weather data set (IWEC) and a generated future weather 
data set based on the IPCC A2 emission scenario for 2080. The following conclusions can be derived: 
Adaptive thermal comfort 
Thermal comfort exceeding hours for both, ASHRAE standard 55 and European EN 15251 increase up to 20% for 
2080 compared to the IW EC weather data set. This is predominantly related to exceeding the upper limits. Only for 
EN 15251 category I lower limits are exceeded significantly as well, which indicates that if EN 15251 c riteria are not 
met, this is not  necessary related to overheating only. In a future warmer climate the comfort limits of both therm al 
comfort models are exceeded to an extent where the standards in their current version would not be applicable any 
more, and additional cooling would be needed. However the results also indicate, that the impact of occupants on 
exceeding hours is predominant compared to the impact of climate change. This indicates that in the context of the 
climate change occupants can play a key role in maintaining satisfying thermal comfort in o ffices. This variability due 
to occupant behaviour is currently not considered in the exceeding criteria of adaptive thermal comfort standards, and 
consideration in future updates might extend the applicability of those standards in a future warmer climate.  
Energy consumption 
For the vari ations investigated in th is study, the weather data set for 2 080 leads to a decrease of heating energy 
consumption and an increase of cooling energy consumption of approximately the same magnitude (around 10%). In 
terms of related CO2 emissions however, an overall increase can be observed. This is related to the fact that heating 
in Greece is commonly powered by natural gas which has a lower primary energy factor than electricity which is the 
common energy source for cooling. However, the influence of the clim ate change on the final energy consumption 
and CO2 emissions is small compared to t he predominant impact of oc cupants according to this  study. It can be 
concluded, that not onl y the reduction of cooling energy and th e efficiency of re lated systems is an important 
parameter concerning the energy performance of offices, but also the b ehaviour of occupants, especially related to 
the choice of office equipment and the use of lighting. 
Peak cooling loads 
This study indicates that the climate change is the predominant influence on peak cooling loads for all investigated 
variations, whereas the im pact of occ upants is rather small. F or all i nvestigated variations peak cooling loads 
approximately double for 2080 compared to the IW EC weather data set. In Greece it is commo n practice to 
dimension cooling systems according to peak loads, which would lead to a sig nificant increase of installed cooling 
power and related impact on grid capacities in a future warmer climate and during heat waves. Further research 
would be useful to investigate the occurrence and distribution of those peak cooling loads over the year. If peak loads 
only occur during a small percentage of working time per year, cooling systems would be over-dimensioned and less 
efficient for most part of the year and alternative solutions worth exploration. 
Percentage of working time without heating or cooling 
For the configurations investigated in this study, the percentage of working time with heating on is not significant with 
around 5% per year. Depending on the building design and occupant configuration, the percentage of working time 
with cooling on is higher with up to 45%. This indicates, that although it is difficult to meet the criteria according to the 
adaptive thermal comfort mo dels ASHRAE Standard 55 and EN 15251, natural ve ntilation can be beneficial for 
thermal comfort in all investigated variations for more than 50% of the working time. This clearly indicates that, even 
in the warm climate of Athens, year-round air conditioning is not necessary, and potentials for natural ventilation and 
mixed mode operation should be used to full capacity in order to decrease related cooling energy consumption. 
Overall it can be c oncluded that n ot only building designers but also building occupants have a responsibility 
concerning the provision of comfort and the reduction of t he energy consumption in offices. Optimisation should 
therefore not only focus on the building properties and technical equipment. Instead an integrated approach, 
balancing the building, its occupants as well as the individual project specific context is likely to be more successful. 
Further research would be needed to investigate how such a holistic approach can be incorporated in future comfort 
and energy performance standards.  
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